In the outer plexiform layer (OPL) of the mouse retina, two types of cone photoreceptors (cones) 21 provide input to more than a dozen types of cone bipolar cells (CBCs). This transmission is modulated 22 by a single horizontal cell (HC) type, the only interneuron in the outer retina. Horizontal cells form 23 feedback synapses with cones and feedforward synapses with CBCs. However, the exact 24 computational role of HCs is still debated. Along with performing global signaling within their 25 laterally coupled network, HCs also provide local, cone-specific feedback. Specifically, it has not been 26 clear which synaptic structures HCs use to provide local feedback to cones and global forward 27 signaling to CBCs. 28
Introduction 40
At the very first synapse of the mouse visual system, the signal from the cone photoreceptors (cones) 41 is relayed to second-order neurons: each cone axon terminal has more than 10 output sites, contacting 42 a sample of the 13 types of cone bipolar cells (CBCs) (Wässle et al. 2009 ; Tsukamoto and Omi 2014; 43 Behrens et al. 2016 ), which relay the signal 'vertically' to retinal output neurons, the retinal ganglion 44 cells. In a complementary circuit, laterally-organized horizontal cells (HCs) modulate the 45 photoreceptor-BC synapse (Haverkamp, Grünert, and Wässle 2000) . Each ON-cone bipolar cell (ON-46 CBC) dendrite invaginates the cone axon terminal to contact an individual cone output site and forms 47 a triad with HC dendritic processes, whose distal dendritic tips also invaginate the synaptic cleft, 48 flanking ON-CBC dendrites. In contrast, OFF-CBC dendrites contact the cone axon terminal base 49 without forming contacts with HC dendritic tips (reviewed in Diamond 2017) ( Fig. 1a) . 50
Horizontal cells are thought to play a major role in global visual processing and to contribute 51 to contrast enhancement and generation of center-surround receptive fields, providing global feedback 52 signals to cones and feedforward signals to BCs (reviewed in Thoreson In addition, synapses between HCs and BCs were observed in in electron microscopic studies 58 over three decades ago but have not been further investigated (Olney 1968 Here, we made use of the serial block face electron microscopy dataset e2006 (Helmstaedter et al. 64 2013) to reconstruct the outer mouse retina with a focus on the HC circuitry and identify the 65 connectivity motifs made between HCs and other neuron types. In addition to the invaginating 66 contacts between cones and HCs in the cone axon terminal, we identified and quantitatively assessed -67 at the level of primary HC dendrites -putative GABAergic synapses among HCs as well as between 68
HCs and CBCs as previously hypothesized (Dowling, Brown, and Major 1966; Marchiafava 1978 ; 69 Yang and Wu 1991; Duebel et al. 2006 ). Based on a biophysical model of HC signaling, we propose 70 that a role of this putative second synaptic site in HCs is to provide global signals in the form of 71
GABAergic input to postsynaptic CBCs, complementing the local feedback provided directly to cones. 72
This suggests that a single interneuron can simultaneously provide local reciprocal feedback and 73 global feedforward signals at distinct synaptic locations. 74
Results

75
Reconstruction of horizontal cells and connectivity with cone photoreceptors 76
Using the publicly available serial block-face electron microscopy dataset e2006 (Helmstaedter et al., 77 2013, Fig. 1b ), we reconstructed five complete dendritic arbors of HCs in the outer mouse retina ( Fig.  78 1c,d). We analyzed the contacts of all three classes of neurons in the outer retina -cones, BCs and 79
HCs (Helmstaedter et al. 2013; Behrens et al. 2016 ) -to gain a complete picture of outer retinal 80 connectivity. The reconstructed HCs had a dendritic area of 4,600 ± 400 µm 2 (mean ± SD) with 4 to 6 81 primary dendrites leaving the soma (n = 5 HCs) and extended fine dendritic tips towards cone axon 82 terminals ( Fig. 1e ). Next, we analyzed the HC connectivity within the cone axon terminals ( Fig. 2a) . 83
Each HC contacted on average 61 ± 5 (between 51 and 77) cones; these were all cones within its 84 dendritic field. Interestingly, we found that cones closer to the HC somata were contacted with 85 significantly more fine HC tips than distal ones ( Fig. 2b ,c; Generalized Additive Model with smooth 86 term for distance from soma and random effect of specific HC, < 2 • 10 for smooth term, see 87
Methods for details). In addition, the contact area -the area of close apposition between cell 88 membranes, a proxy for the probability of synaptic contacts (Helmstaedter et al. 2013 ) -between an 89 individual HC and cones followed the number of invaginating contact sites along the HC dendrite and 90 significantly decreased towards the HC's periphery ( Fig. 2d 
Invaginating contacts between cones, ON-cone bipolar cells and horizontal cells 108
We found that the connectivity between cones and their postsynaptic partners was the typical "triad 109 synapse" motif, where HC tips in the synaptic cleft are closely associated with invaginating dendrites 110 of ON-CBCs. A previous study found that some ON-CBC types such as CBC types 5T, 5O, 8 and X 111 sampled sparsely from cones ( Fig. 2e ; see also Fig. 3 in Behrens et al. 2016 ). In addition, the CBCX 112 made rather small basal but not 'typical' invaginating contacts at the cone axon terminal, more 113 resembling OFF-CBC contacts. If these BC types contacted cones more sparsely, the number of 114 contacts with invaginating HC dendrites should be lower as well. We checked all ON-CBC contacts 115 (n = 36) at five central cones (making contacts with all 5 reconstructed HCs) and identified one or two 116 invaginating HC dendritic tips per ON-CBC tip for all contacts. This typical "triad" motif implies that 117 the number of contacts between HCs and ON-CBCs matches the number of cone contacts per CBC. 118
Thus, the number of contacts between HCs and BC types CBC5T, 5O, 8 and X within the cone axon 119 terminal is lower than for the other ON-CBC types (Fig. 2f) . view of the skeleton model of the HC branch from Fig. 1e 
Non-invaginating (bulb) contacts between horizontal cells and bipolar cells 133
Horizontal cell feedback modulates the cones' glutamate release directly within the invaginating cleft 134 In search of this synaptic site between HCs and CBCs, we systematically examined the five 155 volume-rendered HCs and found regularly distributed, dendritic swellings along the primary dendrites 156 ( Fig. 3a,b ). These dendritic swellings (bulbs) showed a marked increase in dendritic diameter ( Fig.  157 3c). Almost all bulbs were located clearly below the cone axon terminal base and not in direct contact 158 with it ( Fig. 3b,d) . In contrast to invaginating dendritic tips that showed a higher density towards the 159 soma of the HC, the bulbs were more regularly distributed along the primary dendrites ( Fig. 3e) . Interestingly, we found a difference in bulb-level connectivity between HCs and OFF-CBCs 183 vs. HCs and ON-CBCs: the majority of ON-CBCs contacted HCs at the bulb site (except for CBC5T); 184 all OFF-CBC types made considerably fewer contacts than ON-CBCs (except CBC3A) ( Fig. 4e ). 185
However, the overall number of contacts per CBC is likely underestimated since contacts to not 186 reconstructed HCs are not included (see above). Furthermore, the number of BCs contacted at bulbs 187 per HC was lowest for the CBC types 5T, X, 8 and 9 and highest for CBC types 6 and 7 ( Fig. 4f ). For 188 types X, 8 and 9, the low numbers likely originate in their lower cell count while for CBC5T (which 189 has the same dendritic density as CBC5O and 5I cells) it is a consequence of the low number of 190 contacts per CBC. Comparing the bulb-to-ON-CBC contacts with the number of cone-to-ON-CBC 191 contacts taken from our recent study (Behrens et al. 2016 ) showed that both connectivity patterns are 192 almost identical for nearly all BC types ( Fig. 2e,4e ). The only striking difference was found within the 193 group of CBC5 cells: CBC5T has the lowest contact number with both HC bulbs and cones whereas 194 CBC5I made many contacts with both cones and bulbs. CBC5O sampled from as few cones as 195 CBC5T but made more bulb contacts, similar to CBC5I ( Fig. 4g ). Thus, while the morphological 196
properties such as density, dendritic field size, axon terminal size and stratification depth of the three 197 'sister' types of CBC5 do not differ much, they can be distinguished based on their connectivity 198 patterns with cones and HCs in the outer retina. the OPL have focused on the distal tips of HCs rather than their primary dendrites. To identify 206 potential presynaptic sites along HC dendrites, we therefore used calbindin and VGAT antibodies to 207 visualize HCs and presynaptic vesicles, respectively ( Fig. 5a ). Indeed, we found intense VGAT 208 staining in dendritic thickenings at the same depth at which bulbs were found in the EM data. 209
If bulbs are the site of GABAergic synapses between HCs and to BCs, then GABA receptors 210
should be present at VGAT-positive bulbs as well. In the mouse retina, different GABA receptor 211 subunits are expressed in the outer retina: A 'dashed' band of a GABA receptor α1 subunit staining 212 can be seen at the level of the cone axon terminals , indicating that α1 213 subunits are prominently expressed by HC dendritic tips invaginating in the synaptic cleft (Kemmler et 214 al. 2014) . In contrast, GABA receptor γ2 subunits have a broader expression profile that clearly 215 stratifies below the cone axon terminals . Indeed, we found that VGAT 216 and GABA receptor γ2 subunit immunolabeling co-localized on bulb-like structures (representative 217 example shown in Fig. 5a ; similar results were obtained in four out of four immunostainings from two 218 different mice). To assess GABA receptor distribution on individual bulbs, we injected HCs in the 219 whole-mount preparation with the fluorescent dye Alexa Fluor 568 and then performed GABA 220 receptor immunolabeling (Fig. 5b,c) . The γ2 subunit immunoreactivity was strong at the level of the 221 primary dendrites and all identified bulbs (n = 30 bulbs in n = 3 injected HCs) showed 222 immunolabeling for the GABA receptor γ2 subunit, indicating that bulbs may provide and/or receive 223
GABAergic input (Fig. 5c ). Sources for GABAergic input may be other HCs (Liu et al. 2013) For further evidence that the GABA receptors in bulbs may be synaptic structures, we 226 performed focused ion beam scanning EM and reconstructed HCs from their dendritic tips in the 227 invaginating cleft (Fig. 5d , left) to the depth in the OPL where bulbs are located. In this EM image 228 stack, bulbs could be identified based on their thickened structure ( Fig. 5d , supplementary image 229 stack). These structures always contained mitochondria which are typically found in presynaptic 230 structures (n = 7 bulbs) (Gala et al. 2017 ). However, compared with the glutamate-filled vesicles in the 231 cone axon terminal, the vesicles in both invaginating tips and bulbs of HCs were barely detectable 232 ( Fig. 5d ). Thus, the vesicle distribution was not further investigated (see Discussion). 233 To study the potential functional role of HC bulb contacts, we built a biophysical model of a HC 247 dendritic branch with cone input (Fig. 6a,b ) based on our previously published model (Chapot et al. 248 2017) . We stimulated the cones in the model with either full-field or checkerboard noise for spatially 249 correlated and uncorrelated input, respectively, and measured voltage signals in the HC dendritic tips 250 invaginating into cone axon terminals (n = 12) and in the bulb structures (n = 14) ( Fig. 6c,d) . For full-251 field stimuli, we found high correlations between voltage signals from all recording points (0.85 ± 252 0.10). Due to vesicle release noise included in the model, which occurred independently at each 253 synapse between cones and HC tips, correlations between signals in different tips (0.73 ± 0.07) and 254 between signals in tips and bulbs (0.84 ± 0.06) were lower than those between signals in bulbs (0.94 ± 255 0.04) ( Fig. 6e ). However, correlations between bulbs and the average over the tip signals (0.97 ± 0.02) 256
were similar to the correlations between bulbs. 257
For the checkerboard noise, which is a spatially maximally uncorrelated stimulus, the result 258 was different: The average correlation between voltage signals in tips was rather low (0.25 ± 0.14), 259 confirming our previous results (Chapot et al. 2017) . In contrast, the average correlation between 260 voltage signals in bulbs was much higher (0.71 ± 0.19) and so was the correlation between bulb signal 261 and the average over the tip signals (0.80 ± 0.10) ( Fig. 6g ). Together, this indicates that for a natural 262 stimulus with spatially uncorrelated stimulation pattern, the global component of the stimulus 263 dominates the signal at the level of the bulbs whereas the local signal at the HC dendritic tips can be 264 used for feedback to individual cones (Fig. 7) . dendrites indicating that bulbs were not randomly distributed dendritic thickenings. This finding was 305 supported by the uniform distribution of bulbs across the HC dendritic tree suggesting the overall 306 mosaic organization of the mouse retina is maintained at this synaptic level. Furthermore, we found 307 that the bulbs contained mitochondria required to supply energy for the presynaptic vesicle release 308 mechanism as described for a reciprocal amacrine cell synapse in the cat retina (Ellias and Stevens 309 1980). Indeed, we found synaptic proteins on HC bulbs such as VGAT and GABA γ2 receptors on HC 310 bulbs that represent pre-and postsynaptic markers, respectively. However, which retinal cell type(s) 311 express the GABA receptors is still unclear. Since the bulbs contact other HC bulbs as well as BC 312 dendrites, it is conceivable that the bulbs represent a general GABAergic output site to postsynaptic 313 cells (reviewed in Diamond 2017) . 314
Unfortunately, we could not detect any neurotransmitter vesicles at HC bulbs in our EM 315
images -a problem that was reported for HCs decades ago (Dowling and Boycott 1966) and may be 316 attributed to methodological limitations of the dataset. However, in an earlier cat retina study, vesicle 317 clusters in HC dendrites were found to be "…typically organized around some denser particles…" 318 ( Fig. 18 in Kolb 1977 ). In addition, in the mouse retina, "…the synaptic complex, was of conventional 319 configuration, involved the horizontal cell presynaptically, and was always found in the innermost 320 aspect of the outer plexiform layer…" (Fig. 11 in Olney 1968) -this is where we found the majority of 321 bulbs in our study. Another reason why we did not find vesicles could be the (somewhat unlikely) 322
GABA secretion by GABA transporters as shown in the fish retina (Schwartz 1987) . Additionally, we 323 also cannot exclude the possibility that bulbs receive direct glutamatergic input by diffusion from 324 photoreceptors -similar to OFF-CBCs -however, the distance of HC bulbs from the release sites in 325
cones axon terminals appears to be relatively large compared with the OFF-CBC dendrites that 326 directly contact the axon terminal. Hence, we propose that GABA release at the bulbs results from 327 electrical signal propagation along the dendrites of the HCs rather than being initiated via diffusing 328
glutamate. 329
A GABAergic synapse between HCs along with a depolarizing chloride level in HCs (Miller 330 and Dacheux 1976; Kamermans and Werblin 1992) could transmit a lateral signal between them, 331 similar to the lateral signal spread within the syncytium formed by electrical synapses. One might 332 therefore imagine that mouse HC bulbs could represent sites of gap junctions -electrical synapses 333 between HCs (He, Weiler, and Vaney 2000). However, the vast majority of connexin57 protein 334 forming electrical synapses in mouse HCs is expressed at more distal sites on the HC dendrites and is 335 not very prominent on the bulb-bearing primary dendrites (Janssen-Bienhold et al. 2009). Thus, it is 336 unlikely that the role of HC bulbs is to couple HCs by electrical synapses. 337
Our finding of an additional synapse in the outer mouse retina may explain how HCs may 338 perform both feedback to cones and feedforward signaling to BCs simultaneously, which may 339 contribute to understanding a longstanding enigma. 340
341
Selective connectivity with ON-CBC types as a mechanism of synaptic scaling? 342
As previously reported, we found some ON-CBCs contact cone axon terminals in a very specific 343 manner. For example, the CBC types 5T, 5O, X, 8 and 9 contact considerably fewer cones than 344 expected from their relatively large dendritic field whereas other types such as types 5I, 6 and 7 345 contact almost every cone located within their dendritic field (Behrens et al. 2016 ). Remarkably, this 346 connectivity is also reflected in the number of bulbs connected by ON-CBCs: Types 5T, X and 9 347 contact fewer bulbs than the other types while type 8 contacts only slightly more bulbs than other cells 348 despite its significantly larger dendritic field. This correlation of excitatory and inhibitory synapse 349 number may be a form of synaptic scaling (Turrigiano 2011) that could have an effect on the 350 functional organization of the receptive field of BCs. The center of a receptive field is defined as the 351 region that is driven by excitatory (i.e., direct glutamatergic) input from cones whereas the surround is 352 formed by the lateral inhibition by interneurons in the periphery. A balanced synaptic weight between 353 center and surround activation is likely to be crucial for the BC's ability to stay within the operational 354 range of its output synapses. 355
The only exception is the BC type 5O; it contacts only a few cones but has relatively many 356 bulb contacts, in strong contrast to the types 5T or 5I, which make few or many contacts to both cones 357 and HC bulbs, respectively. Based on their morphology and their stratification depth in the inner 358 plexiform layer, these three BC types are hardly distinguishable. However, they differ in their 359 connectivity with cones and HC bulbs in the outer retina, and thus, may be functionally distinct 360 regarding their receptive field properties (Franke et al. 2017 ). Whether the size and efficiency of 361 synaptic contacts is different and whether or how synaptic scaling is implemented for ON-CBC and 362 HC contacts has to be addressed in a future functional study. A recent study showed that, based on their thin diameter and high resistance, the fine HC 373 dendritic tips are optimized for generation of local cone-specific feedback and to a lesser extent for 374 lateral propagation of electrical signals (Chapot et al. 2017 ). However, the extent to which the 375 feedback to cones is global or local strongly depends on the presented visual stimulus. For small-scale 376 non-correlated visual stimuli, the feedback is expected to be cone-specific and can differ significantly 377 for neighboring cones, strongly following the cone output signal. For a highly correlated visual 378 stimulus, the feedback would be similar at all dendritic tip synapses, thus generating a rather uniform, 379 global feedback pattern generated by correlated local activity. 380
The second synapse type made by HCs, the GABAergic bulb synapse, may be optimized for 381 the relay of global signals to other HCs and BCs that are modulated in at least three different ways: 382
First, all the photoreceptor input that reaches the primary HC dendrites and the bulb synapses would 383 be filtered by the feedback at the dendritic tip feedback synapses. Second, the spread along HC 384 dendrites is subject to passive filtering. Third, depending on the coupling state of the HC network, via 385 electrical synapses or depolarizing GABAergic synapses, signals in HC dendrites may be strengthened 386 or weakened. In any case, the global signal would be relayed to postsynaptic cells and contribute to 387 center-surround antagonistic receptive field organization. in our model, the feedback to cones is correlated and is expected to be weak (Smith 1995) . The reason 395 is that the local dendritic tip signal in HCs itself is attenuated by the local feedback and hardly 396 propagates over long distances along primary dendrites into other HC fine dendritic tips. Feedback is 397 necessary to regulate the synaptic release of cones to maintain the optimal operating point in the 398 output synapse, and thus to preserve the S/N ratio (Borghuis, Ratliff, and Smith 2018). However, 399 strong feedback can become unstable for high feedback loop gains and typical synaptic delays (Smith 400 1995) . To prevent instability, the HC feedback includes an ephaptic mechanism which is fast with 401 minimal delay (Vroman et al. 2014; Chapot et al. 2017 ). However, the feedback strength is also 402 limited by the need to maintain high gain at the cone output to CBCs. In contrast, 'simple' 403 feedforward inhibition is always stable and can use high signaling amplitudes. These functional 404 requirements constrain the feedback and feedforward synapses to be at structurally different synaptic 405 sites. In addition, the synaptic mechanisms -ephaptic/pH-mediated feedback and GABAergic 406 feedforward signaling -may contribute to the very specialized function of the two synapses: Whereas 407 the feedback synapse can decrease but also increase the cone output signal depending on the stimulus 408 context (Smith 1995; Kemmler et al. 2014) , the bulb synapse only provides GABAergic drive. Its 409 feedforward signal to CBCs has a different role, of providing inhibition to balance the excitation in 410
CBCs, along with a stronger spatial surround than can be provided by the cone signal. Yet, both 411 feedback and feedforward HC signals will contribute to the surround in CBCs and all downstream 412 role here: First, the cone axon terminal system is among the most complex synaptic structures in the 438 brain (Haverkamp, Grünert, and Wässle 2000) . Therefore, integrating a second, dedicated interneuron 439 type during evolution may have been avoided for the sake of space limitation and circuitry 440 simplification. This hypothesis is supported by the fact that the reciprocal feedback synapses to rod 441 photoreceptors are not provided by an additional interneuron type but by an additional intraretinal 442 axon terminal system of HCs which is a unique structure for interneurons in the brain. Second, the 443 cones require a global feedback signal that represents the average background, so their synaptic vesicle 444 release can optimally represent a contrast signal (Srinivasan, Laughlin, and Dubs 1982) . The most 445 straightforward mechanism to generate such a global feedback signal is through summation of many 446 local signals from individual cones. Although global feedback might be arranged at a separate synapse 447 from local feedback, it is most straightforward to provide this integrated signal as local/global 448 feedback to each cone to control its release rate. 449
Methods
450
Dataset 451
Our analysis is based on the SBEM dataset e2006 (Helmstaedter et al. 2013, 452 https://www.neuro.mpg.de/connectomics). The dataset covers a piece of mouse retina of 80 x 114 x 453 132 µm with a resolution of 25 x 16.5 x 16.5 nm. We identified the somata of 15 HCs and 454 skeletonized the dendrites of the five central HC in KNOSSOS (Helmstaedter, Briggman, and Denk 455 2011, www.knossostool.org). We used algorithms published with the dataset to reconstruct the 456 volumes of HCs, BCs and cone axon terminals in the OPL and to identify their contacts (for details see 457
Behrens et al. 2016). 458
We manually identified HC bulbs and their contacts. To compare the dendritic diameter 459 profile around the bulbs with the one of random points on the dendrite (Fig. 3c) , we used the Vaa3D-460
Neuron2 auto-tracing (Xiao and Peng 2013) to get a simplified representation of the HC morphologies 461 from the volume reconstruction, consisting of a regularly spaced grid of nodes with associated 462 diameters. For each bulb position we identified the closest node and extracted the dendritic diameter 463 profile around it. For a fair comparison to average points on the dendrite, we draw a random set of 464 nodes with distributions of average distances from soma and tips matching the bulb locations. 465
To calculate the statistics of HC-to-BC contacts at bulbs, we included only BCs where the center of 466 the BC dendritic field was within the dendritic field of at least one of the reconstructed HC. With this 467 method, the numbers in Fig. 4e,f Three HCs were injected using Alexa Fluor 568 as described before (Yadav, Tetenborg, and Dedek 476 2019) . In brief, cell nuclei in the retinal whole-mount preparation were visualized with DAPI labeling. 477
Based on depth and size of the nuclei, HCs were identified and then injected with Alexa Fluor 568 478 using sharp electrodes and subsequently fixed using 4% paraformaldehyde. Retinal whole-mounts 479 were then incubated in primary antibodies, and immunolabeling for the GABA receptor subunit 2 480 was carried as previously described (Ströh et al. 2013) . Immunolabeling for VGAT and the GABA 481 receptor subunit 2 was carried out using fixed 12 µm thick vertical retina sections using standard 482 protocols with primary antibodies against VGAT, the 2 subunit and calbindin and secondary 483 antibodies. All images were taken with a Leica TCS SP8 confocal microscope. Data was deconvolved 484
with Huygens Essential software, using a theoretical point spread function and further processed using 485
Fiji (Schindelin et al. 2012) . 486
Three-Dimensional Electron Microscopy using FIB-SEM 487
Focused ion beam-scanning electron microscopy (FIB-SEM tomography) allows efficient, complete, 488 and automatic 3D reconstruction of HC dendrites with a resolution comparable to that of TEM (Xu et 489 al. 2017; Bosch et al. 2015 ). An adult mouse (male, 14 weeks) was deeply anesthetized with isoflurane 490 and decapitated before the eyes were dissected. All procedures were approved by the local animal care 491 committee and were in accordance with the law for animal experiments issued by the German 492 government (Tierschutzgesetz). The posterior eyecups were immersion fixed in a solution containing 493 0.1 M cacodylate buffer, 4% sucrose and 2% glutaraldehyde, and then rinsed in 0.15 M cacodylate 494 buffer. A 1 × 1 mm 2 retina piece was stained in a solution containing 1% osmium tetroxide, 1.5% 495 potassium ferrocyanide, and 0.15 M cacodylate buffer. The osmium stain was amplified with 1% 496 thiocarbohydrazide and 2% osmium tetroxide. The retina was then stained with 2% aqueous uranyl 497 acetate and lead aspartate. The tissue was dehydrated through an 70-100% ethanol series, transferred 498 to propylene oxide, infiltrated with 50%/50% propylene oxide/Epon Hard, and then 100% Epon Hard. 499
The Epon Hard block was hardened at 60°C. 500
Afterwards, the block was prepared for FIB-SEM tomography. The sample was trimmed using 501 an ultramicrotome (Leica UC 7) and afterwards glued onto a special sample stub (caesar workshop) 502 using conductive silver paint. To avoid charge artifacts, all surfaces of the block were sputter-coated 503 with 30 nm AuPd (80/20). A focused ion dual beam (FIB) workstation (XB 1540, Carl Zeiss 504 Microscopy, Oberkochen, Germany) was used for tomogram acquisition. This instrument uses a 505 focused gallium ion beam that can mill the sample at an angle of 54° with respect to the electron beam. 506
A digital 24-bit scan-generator (ATLAS5, Carl Zeiss) was used to control ion and electron beam. The 507 sample was milled using an ion beam of 1nA at an energy of 30 kV. Images were collected at an 508 energy of 2 kV using a pixel size of 5 x 5 nm (x,y) and a layer thickness of 15 nm (z). Milling and 509 imaging was performed simultaneously to compensate for charging effects. The raw images were 510 converted into an image stack, black areas were cropped, and the images were aligned using cross 511 correlation (Mastronarde 1997) . HC dendrites were manually identified in ImageJ. 512
513
Modelling 514
We built a biophysically realistic model of a HC dendritic branch using the simulation language 515
NeuronC (Smith 1992) . We used Vaa3D-Neuron2 auto-tracing (Xiao and Peng 2013) to generate a 516 .swc file from the volume reconstruction of one HC branch and manually refined it in Neuromantic 517 (Myatt et al. 2012 ). The model contains voltage-gated Ca 2+ and K + channels with different channel 518 densities for proximal and distal dendrites and AMPA-type glutamate receptors at the cone synapses 519 (Tab. 1). Photoreceptors were modelled as predefined in NeuronC with two compartments including 520 voltage-gated Ca 2+ and Ca 2+ -activated Clchannels. Cones were placed at the original positions with 521 one synapse per invaginating HC dendritic tip found in the EM data. The synapses to the HC include 522 postsynaptic AMPA channels modelled as Markov state-machines that included vesicle release noise. 523
The model was stimulated for 60 s with both full-field and checkerboard Gaussian noise with a 524 temporal frequency of 2 Hz and equal variance. The checkerboard stimulus consisted of independent 525 pixels of 5 x 5 µm size such that all cones were stimulated independently. Voltage signals were 526 recorded in a dendritic tip below each of the 12 cones and in 14 bulbs identified along the dendrite. 527 528
Statistics 529
Error bars in all plots are 95% confidence intervals (CIs) calculated as percentiles of the bootstrap 530 distribution obtained via case resampling. In Figure 2c ,d, we fitted generalized additive models (R 531 package mgcv, Wood 2017) with Poisson output distribution for skeleton tips (Fig. 2c) and Gamma 532 output distribution for contact area (Fig. 2d ). Both had distance from soma as a smooth function and 533 HC identity as smooth random effect. 
